ABSTRACT-The effects of arachidonic acid (AA) and the mechanism through which it modulates ATPsensitive K + (KATP) currents were examined in single smooth muscle cells of murine proximal colon. In the current-clamping mode, AA and glibenclamide induced depolarization of membrane potential. Using 0.1 mM ATP and 140 mM K + solution in the pipette and 90 mM K + in the bath solution at a -80 mV of holding potential, pinacidil activated the glibenclamide-sensitive inward current. The potential of these currents was reversed to near the equilibrium potential of K + by 60 mM K + in the bath solution. AA inhibited KATP currents in a dose-dependent manner. This inhibition was not changed when 1 mM GDPbS was present in the pipette. Chelerythrine, protein kinase C inhibitor, did not block the AA effects. Superoxide dismutase and metabolic inhibitors (indomethacin and nordihydroguaiacretic acid) of AA did not affect the AA-induced inhibition. Eicosatetraynoic acid, a nonmetabolizable analogue of AA, inhibited the KATP currents. These results suggest that AA-induced inhibition of KATP currents is not mediated by G-protein or protein kinase C activation. The inhibitory action is likely to be a possible mechanism of AA-induced membrane depolarization.
The membrane potential of smooth muscle is a determinant of gastrointestinal motility. The ATP-sensitive K + (KATP) channel has been shown to play an important role in the regulation of the resting membrane potential. In a previous study, Koh et al. reported that KATP channels participate in the regulation of the membrane potential and cell excitability in murine colonic smooth muscle cells and have a significant open probability under the basal condition (1) . A common feature of these channels is that they are activated by a decrease in the intracellular ATP concentration. The synthetic K + channel openers, such as lemakalim, cromakalim, pinacidil and diazoxide, activated K ATP channels, whereas glibenclamide and tolbutamide specifically blocked KATP channels (2, 3) . The inhibition of KATP channels depolarizes the membrane potential to increase cell excitability, whereas the activation of K ATP channels hyperpolarizes the membrane potential, leading to decreased cell excitability.
Arachidonic acid (AA) is a major component of cell membrane lipids released by either cellular damage or receptor-mediated stimulation of phospholipase A 2 (4). AA and its metabolites generated by cyclooxygenase and lipoxygenase mediate various cell-signaling events (5) . AA acts as a second messenger in muscarinic receptor-activated contractions of canine colonic circular muscle cells (6) . Prostaglandins F2= and E2 increase colonic muscle excitability and prostacyclin inhibited the prostaglandin E 2 -induced diarrhea (7 -9) . Also, leukotrienes increased the contractile response in rabbit colonic muscularis mucosa (10). These results suggest that AA and its metabolites play a role in the control of colonic motility, which is associated with the changes of membrane ionic conductance in smooth muscle.
It has been reported that AA can modulate the activities of several kinds of ionic current. AA inhibited Ca 2+ currents in vas deferens (11) and delayed rectifier K + currents in pulmonary vascular smooth muscle (12). On the other hand, AA activated Ca 2+ -dependent K + channels in vascular smooth muscle (13). In addition, AA has been found to activate the KATP channel in insulinoma cells (14), but inhibits the KATP channel in rat ventricular myocytes (15). In dog coronary smooth muscle cells, AA has dual effects on the KATP channel. In cells dialyzed with 1 mM ATP internal solution, AA activated the KATP currents, but in cells dialyzed with ATP-free solution, AA inhibited the K ATP currents (16). However, the effect of AA on the KATP channel of gastrointestinal smooth muscle cells is unknown. Therefore, the effects of AA and its modulator mechanism on the K ATP channel of murine colonic smooth muscle cells were investigated, using the whole-cell patch clamp.
MATERIALS AND METHODS

Isolation of murine colonic smooth muscle cells
Colonic smooth muscle cells were isolated from 20-to 30-day old Balb /C mice of both sexes. Mice were anesthetized with chloroform and sacrificed by cervical dislocation, and the proximal colon was quickly removed. The colon was opened along the mesenteric border and the mucosa and submucosa removed in a Ca
2+
-free Hanks' solution containing: 125 mM NaCl, 5.36 mM KCl, 15.5 mM NaOH, 0.336 mM Na2HCO3, 0.44 mM KH2PO4, 10 mM glucose, 2.9 mM sucrose and 11 mM HEPES, adjusted to pH 7.4 with tris (hydroxy-methyl)aminomethane (Tris) buffer. Strips of colonic muscle were transferred to the same solution containing 268 unit /ml collagenase (Worthington Biochemical Co., Lakewood, NJ, USA), 2 mg /ml fatty acid-free bovine serum albumin (Sigma Chemical Co., St. Louis, MO, USA), 1 mg/ml trypsin inhibitor (Sigma Chemical Co.) and 1.4 units /ml papain (Sigma Chemical Co.). The tissues were incubated in the enzyme solution at 37°C for 10 -12 min, and then the tissues were washed with Ca 2+ -free Hank's solution. Single cells were obtained by gentle agitation with a wide-bored glass pipette. Isolated cells were kept at 4°C until use. Before electrophysiological experiments, a drop of suspension was pipetted into a small chamber (0.3 ml) on the stage of an inverted microscope. We used both longitudinal and circular smooth muscle cells. All experiments were carried out within 6 h of cell dispersion at room temperature.
Membrane current recording
The standard whole-cell patch-clamp technique (17) was used to record membrane currents. Glass pipettes with a resistance of 3 -5 MW were used. Membrane currents were amplified using an Axopatch 1-D (Axon Instruments, Foster City, CA, USA) and command pulses were applied using an IBM-compatible computer with pClamp software v.6.0 (Axon Instruments). The data were filtered at 5 kHz and displayed on an oscilloscope, computer monitor and pen recorder (Recorder 220; Gould, Valley View, OH, USA). To minimize activities of voltage-dependent K + channels and Ca 2+ -activated K + channels, all currents were recorded at a holding potential of -80 mV and all solutions were buffered to low levels of intracellular Ca 2+ (20 nM) with 10 mM EGTA. Cells were perfused with external 90 mM K + solution to increase the driving force at this potential. The internal pipette solution contained 140 mM K + and 0.1 mM ATP. This protocol has been used for vascular smooth muscle cells (18), gastrointestinal smooth muscle cells (19, 20) and urinary bladder smooth muscle cells (21) .
Solutions and drugs
For whole-cell recordings, the internal pipette solution contained 10 mM NaCl, 102 mM KCl, 1 mM CaCl2, 1 mM GTP, 10 mM HEPES, 10 mM EGTA, 0.1 mM ATP and 1 mM MgCl2, adjusted to pH 7.2 by KOH (38 mM). The external bath solution contained 52 mM NaCl, 90 mM KCl, 1 mM MgCl 2 , 10 mM HEPES and 0.2 mM CaCl 2 , adjusted to pH 7.4 by Tris. To record membrane potential in the current clamping mode, external bath solution contained: 137 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 10 mM HEPES and 0.2 mM CaCl2, adjusted to pH 7.4 by Tris.
Pinacidil and chelerythrine were purchased from RBI (Natick, MA, USA). Indomethacin, nordihydroguaiaretic acid (NDGA), glibenclamide, superoxide dismutase (SOD), eicosatetraynoic acid (ETYA) were purchased from Sigma. All drugs except chelerythrine were dissolved in dimethylsulphoxide (DMSO). The final concentration of DMSO was less than 0.05%.
Statistical analyses
The results are expressed as means ± S.E.M., and n is the number of cells tested. Differences in the data were evaluated by Student's t-test and ANOVA followed by Bonferroni's test for multiple comparisons. P values less than 0.05 were considered significant.
RESULTS
Effect of AA and glibenclamide on membrane potential in a single colonic smooth muscle cell
After the formation of the whole-cell configuration, the membrane potential was recorded by the current-clamp mode in a murine colonic smooth muscle cell perfused with physiological salt solution. The membrane potentials ranged from -63 to -43 mV in the six cells studied, with a mean value of -54 ± 3 mV. Under these conditions, the external application of 10 m M AA consistently caused a membrane depolarization of up to 18 mV (Fig. 1A) . The membrane potential by AA differed from the resting membrane potential by 19 ± 6 mV (n = 6). Glibenclamide also depolarized the membrane potential (Fig. 1B) . The membrane potential with glibenclamide differed from the resting membrane potential by 15 ± 3 mV (n = 5). However, there was no further depolarization by the addition of AA. The amplitude of membrane potential was 16 ± 2 mV (n = 5) after the addition of AA. These results suggest that AA acts on KATP channels in colonic smooth muscle.
Pinacidil-activated currents
After the whole-cell configuration was established, inward steady-state currents were induced by increasing the external K + concentration from 5 to 90 mM K + at a holding potential of -80 mV. The amplitude of the steady-state inward currents was -69 ± 14 pA (n = 13). In the presence of an external 90 mM K + solution, pinacidil (10 mM) activated further inward currents with a mean amplitude of -435 ± 18 pA (n = 11), and glibenclamide (10 m M) suppressed the pinacidil-activated currents by 92 ± 3% (n = 5) ( Fig. 2A) . To identify the ionic selectivity of the pinacidilactivated currents, ramp pulses of 250-ms duration from -90 to 20 mV were given in the presence of pinacidil and in the presence of pinacidil and glibenclamide with external 90 and 60 mM K + solution. Under these conditions, the estimated K + equilibrium potential (EK) was -11 and -21 mV, respectively. Figure 2B shows the current-voltage relationship of glibenclamide-sensitive currents in the presence of pinacidil. The mean reversal potential of the glibenclamidesensitive K + currents with 90 and 60 mM external K + was -9.5 ± 0.6 (n = 5) and -18.5 ± 1.0 (n = 5), respectively. The glibenclamide-sensitive currents were reversed to near EK, indicating that the currents are K + -selective.
Effects of AA on the KATP currents External application of AA inhibited KATP currents in a concentration-dependent manner (Fig. 3A) . At 10 mM, AA suppressed KATP currents by 92 ± 3% (n = 5) (Fig. 3B) . To explore whether a G-protein is involved in the inhibitory action of AA, we tested the effects of GDPbS, a nonhydrolyzable guanosine 5'-diphosphate analogue that permanently inactivates GTP-binding protein (22) . As shown in Fig. 4A , AA-induced inhibition of KATP currents was not , respectively. The currents before and after glibenclamide were subtracted to obtain the glibenclamide-sensitive currents. The estimated equilibrium potential for K + with 90 and 60 mM external K + was -11 and -21 mV, respectively. The real reversal potential in 90 mM external K + was -9.5 ± 0.6 mV (n = 5), and this was shifted to -18.5 ± 1 mV (n = 5) in 60 mM external K
changed by intracellular application of GDPb S (1 mM). There was no difference between the control (n = 5) and GDPbS (89 ± 2%) (n = 4) (Fig. 4C) . To test whether the activation of protein kinase C by AA inhibits K ATP channels, we tested the effects of a protein kinase C inhibitor. Chelerythrine is a potent protein kinase C inhibitor that is non-competitive with respect to ATP (23) . In the pretreatment with chelerythrine (1 mM) for 20 min, the inhibition of the KATP currents by AA was not changed (Fig. 4B ). In the presence of chelerythrine, AA-induced inhibition was 90 ± 2% (n = 3). There was no difference between the results in the absence, or presence of the protein kinase C inhibitor (Fig. 4C) .
Effects of SOD and inhibitors of AA metabolism
To explore whether free radicals generated by AA oxidation are involved in the inhibitory action, we tested the effect of SOD. SOD at the concentration of 200 U /ml was added to the external solution after the treatment with pinacidil. SOD itself did not affect the KATP currents. In the presence of SOD (Fig. 5A) , 10 mM AA still inhibited KATP currents. In the presence of SOD, the inhibitory action of AA was 93 ± 1% (n = 4). There was no difference between the results in the absence or the presence of SOD. In order to determine whether the effects of AA on K ATP currents in murine colonic smooth muscle cells are dependent on the cyclooxygenase pathway, indomethacin (10 mM), a cyclooxygenase inhibitor, was applied to the K ATP currents, and then 10 mM AA was added. Indometacin did not affect the KATP currents. In the presence of indomethacin, 10 mM AA still inhibited the KATP currents (Fig. 5B) . In the presence of indomethacin, the inhibitory action of AA was 92 ± 1.4% (n = 5). There was no difference between the results in the absence, or the presence of indomethacin. Nordihydroguaiaretic acid (NDGA), a nonselective lipoxygenase inhibitor, was applied to the K ATP currents. At 1 mM, NDGA itself inhibited KATP currents by 50 ± 3% (n = 5). Application of 10 mM AA in the presence of NDGA still inhibited them (90 ± 2%) (n = 5) (Fig. 5C) . We tried to reproduce the effects with the non-metabolizable AA analogue, eicosatetraynoic acid (ETYA). ETYA at 10 mM also inhibited K ATP currents by 87 ± 5%, (n = 4), similar to the value of 10 mM AA (Fig. 5E ).
DISCUSSION K
+ channels of smooth muscle regulate the membrane potential and cell excitability. KATP channels stabilize the resting membrane potential. The activation of K ATP channels in vascular smooth muscle leads to membrane potential hyperpolarization, which causes vasodilation through closing voltage-dependent Ca 2+ channels (24) . K ATP channels have also been reported in gastrointestinal smooth muscle cells and act as targets of neurotransmitters and peptide. Acetylcholine and substance P inhibited KATP currents in esophageal (25) and gastric smooth muscle cells (20) that contribute to smooth muscle contraction. On the other hand CGRP activated KATP currents in gallbladder smooth muscle cells (26) . Therefore the activity of K ATP channel is important to regulate gastrointestinal motility.
Inflammatory bowel diseases, such as Crohn's disease or ulcerative colitis, are associated with changes in colonic motility which may contribute to diarrhea. In these conditions, phospholipase A 2 activities are increased, which in turn produced metabolites of AA. Prostaglandins F2= and E2 stimulate contractions of the circular colonic muscle (7, 27) . This means that AA and its metabolite influence the colonic motility. In this study, AA depolarized membrane potential and inhibited KATP currents. In murine colonic smooth muscle cells, there is basal activation of KATP channels that contributes to the resting conductance of colonic myocytes. The inhibition of basal KATP currents by glibenclamide depolarized membrane potential and increased cell excitability. This finding is consistent with the report of Den Hertog et al., in which glibenclamide caused depolarization of guinea pig taenia coli (28) . Therefore, it suggests that the increased AA in inflammatory bowel diseases can alter colonic motility.
It has been reported that activation of protein kinase C takes part in modulating K ATP channels in vascular smooth muscle cells (29) , and in the mechanisms of AA-induced inhibition of voltage-dependent Ca 2+ current in hippocampal CA1 neurons (30) and cardiac ventricular myocytes (31) . We also reported that phorbol 12,13-dibutyrate (PDBu), a protein kinase C activator, inhibited KATP currents, whereas 4-a-phorbol, an inactive form of PDBu, did not affect the KATP currents in murine proximal colonic myocytes. The PDBu effects are blocked by chelerythrine (32) . However, chelerythrine did not block the AA-induced inhibition of KATP currents in this study. These results suggest that AA-induced inhibition of KATP currents is not likely to be mediated by activation of protein kinase C. In addition, acetylcholine and substance P, depolarizing agents in gastrointestinal smooth muscle cells, inhibit KATP channels via G-protein in esophageal (25) and gastric (20) smooth muscle cells. In this study, however, AA-induced inhibition of KATP currents was not changed in the presence of GDPbS in the pipette solution. Superoxides generated from AA were involved in the AA-induced block of voltage-dependent Ca 2+ currents in vas deferens myocytes (33) as well as in some neurons (30) . In contrast, the AAinduced inhibition of K ATP currents in this study was not affected significantly by SOD. AA-induced inhibition of KATP currents appears not to be mediated by cyclooxygenase or lipoxygenase products from AA. AA-induced inhibition of KATP currents was not changed by the application of indomethacin and NDGA. ETYA also inhibited the K ATP current, producing inhibition similar to that exerted by AA. These results suggest that the mechanisms underlying the inhibitory action of AA on KATP currents might be direct. Direct modulation of K + channels by AA has been reported in many other tissues such as the K ATP channel in insulinoma cells (14), the ATP-insensitive outward rectifying K + channel in gastric smooth muscle cells (34), atrial myocytes (35), the delayed rectifier K + channel (Kv1.5) cloned in cardiac cells (36) , L-type Ca 2+ channel in gastric smooth muscle cells (37) , and the A-type potassium channel in guinea pig vas deferens smooth muscle cells (38) .
AA might elicit its effects by altering the lipid bilayer as well as by interacting with the channel itself. The direct action of AA on membrane phospholipid may imply that it affects the bulk properties of membrane lipid that is commonly referred to as membrane fluidity. In this study, the block of KATP currents by AA was removed by washout. KATP currents were reproduced by pinacidil and inhibited by reapplication of AA. Therefore the inhibitory effect may not be due to the change in membrane fluidity.
In summary, we demonstrated that AA inhibits KATP currents in colonic myocytes, and that this action is not mediated through G-protein, protein kinase C, or AA metabolic products. The inhibitory action seems to be a possible mechanism of AA-induced membrane depolarization. 
